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The prostaglandins, a group of natural products occurring in auimal tissues, have attracted widespread 
attention over the past decade because of their varied and potent biological properties and potential 
clinical application in a number of therapeutic arcas. When the structure of the prostaglandins was 
elucidated in the early 19609, organic chemists were amiably presented with the challenge of 
devising effective total syntheses which would afford adequate quantities of these substances, then 
availahle ouly in small amounts by biosynthetic procedures. This objective received a powerful stimulus 
from the p~~uti~ iodus~ and as a result, many programmes of synthetic work were initiated in 
both industrial and academic laboratories. 

The consequence has been a flood of publications--to date over 400 in number-which describe the 
many and varied syntheses now achieved in this area. dour, compared to some classes of natural 
products, prostaglaudins are relatively simple molecules, the assembly of these structures, which have a 
number of chemically reactive groupings and several chiral ccntres, placed considerable demands on the 
resottrces of organic chemist, especially as it was desirable that the syntheses should ti as short and 
cfficknt as posstble to satisfy industrial needs. Efforts to meet these requirements led to the discovery 
and development of new and improved reactions permitting synthetic sequences which would have been 
dithcult or impossibk to carry out using existing procedures. 

The object of this report is to review these new methods, many of which are of potential value in 
other areas of synthesis and arc likely to be of general interest and utility to organic chemists. Au 
attempt is made to indicate how the reactions discussed arose in the prostaglaudin context but it is not 
the intention of the article to give a complete account of the prostaglandia syntheses themselves, for 
which the reader is referred to books and other reviews on prostaglandin chemistry.‘-‘o In selecting 
material for inclusion, it was not always possible to dis~ish between discoveries falling strictly within 
the scope of the title, i.e. those brought about directly as a result of prostaglandin research, and work 
which had arisen in the investigators* taboratory for other reasons but had subsequently found a 
paste appli~tion. In such cases of doubt the work has generally been included and some 
reactions have also been mentioned which, although clearly having arisen outside the prostaglandin area, 
have been extensively used and ~n~uen~y critically assessed by paste chemists. 

A brief account of prostaglandin structure and nomenclature necessary for an understanding of the 
material presented is summariscd in the tigurc. Prostaglandins @Gs) may be regarded as derivatives of 
the basic structure prostanoic acid, which is aurn~~ as shown, The boy occurring members of 
the series fall into nine basic groups according to the substitution pattern on the cyclopcntane ring, 
designated by the letters A-I. Individual members of each group are distinguished by the number of 

. 

double bonds in the side chains which are denoted by the subscript numerals 1,2 or 3. The three side 
chain double bond arrangements, which are the sang! in each group$, are showu in the @ure for the E 
series, the other groups beii illustrated by the “2” compounds only. ‘with the F series a further 
subscript “a*’ is added to define the stueochcmistry of the C, hydroxy group. The most recently 

tAltboa# in some insms alI thoorelically pod&k compoimds have not been isolucd. 
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Prostanolc acid 
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Pii I. pmat&ba 2od thrombo- 2ad aomrmc~. 

discovered prostaglandin, prostaglandin I2 (PGII) has been named and become widely known as 
prostacyclin. 

The structure8 of the related thromboxanes, TXA2 and TXB2 are also shown in the figure. 
For convenience throughout this article the prostanoic acid IUIIUbCring is ak30 Wed in certain 

prostaglandin intermediates, even though the complete carbon skeleton is not always present. Also in 
prostagh~ndins and appropriate intermediates, the carboxyhexyl side chain is referred to as the a-chain 
and the hydroxyoctenyl chain as the o-chain. 

The materiat di8cussed fds conveniently under three main beading8 

1. Methodi for pmpartation of functional gnwps 
(a) Oxidation of primary amine8 to ketone8 under +d conditions. 
(b) Dehydration of &hydroxycarbonyl compounds to enones under mild neutral conditions. 
(c) Catalytic dehalogenation via trialkyltin hydrides. 
(d) Olefin formation by novel eliminations of iodohydrins. 
(e) An improved catalytic osmium tetroxide oxidation of olefins to c&l~-glycols using tertiary amine 

oxides. 
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(r) Syntheis of allylic alcohols by nucleophilic vinylation. 
(g) Synthesis of a,@msaturated aldehydes using 1,3-bis(methylthio) allyllithium. 
(h) Oxidation of alcohols to carbonyl compounds under mild conditions. 
(i) Reduction of a,/MmWurated ketones to allylic alcohols. 
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2. Chemistry of 2-alkylcyclopentenqn 
(a) 2-Alkylcyclopent-2cnones. 
(b) ZJ-Disubstituted cyclopent-2cnones. 
(c) 2-Alkyl4hydroxycyclopent-2-enoncs. 
(d) 2-Alkyl-5-hydroxycyclopent-2cnones. 

3. Sterwsdectivc genemtion of chiml centw 
(a) Stereoselective generation and regioselective cleavage of cyclopentane epoxides. 
(b) Conjugate addition of organometallic complexes to cyclopentenones. 
(c) Solvolysis of cyclopropyl cations. 
(d) Construction and cleavage of internally protected cyclohexanes. 
(c) Cleavage of Diels-Alder adducts. 
(f’) Regiospeci6c addition of formaldehyde to a cyclopentone by a Prins reaction. 
(g) Stereocontrolled cross coupling of a vinylic copper reagent with an allylic electrophile. 
(h) Cleavage of hydrindenes. 
(i) Synthesis via carbopalladation. 
(j) Cleavage of a bicycle f3.2.0) heptane prepared by a mixed photoaddition of two unsaturated 

ketones. 
(k) Cyclopentane formation by novel intramolecular cyclisations. 
(I) Stereoselective reduction of Ql-unsaturated ketones. 
(m) Nucleophilic inversion of hydroxyl groups at asymmetric centres. 
(n) Stereoselective formation of an epoxide using a controller group. 
(0) Constructions of the unstable enol ether system of prostacylin (PM) under mild conditions. 
In Section 1 some new and improved methods are highhghted for the preparation of certain well 

known functional groups which are of obvious practical importance to organic chemists generally. A 
complete section (Section 2) has been devoted to 2-alkylcyclopentenones because of the considerable 
volume of new material which has been contributed to their chemistry by prostaglandm research. Apart 
from its potential importance in other areas of chemistry based on the cyclopentenone system, e.g. 
jasmoncs, some of this work may be suitable for extension to similar transformations in other 
cycloalkenones and in the steroids. Section 3, the longest part of the Report, is an account of the many 
stereoselective reactions which have emerged from research on prostaglandins. Although many of the 
techniques descrii here have clearly been tailor-made to meet specific requirements, they are 
potentially adaptable to use in other areas of synthesis and the principles involved offer much scope for 
imaginative extension and development. 

(1) mTlmml FOR lw?mTIoN w FuNmAL. cRou?s 

(a) Oxidation of primary amines to ketones under mild conditions 
In the ftrst prostaglandin syntheseP2 by Corey d al. at Harvard University, the sensitive @-ketol 

system 2 of the I? prostaglandins was arrived at via an oxidativc hydrolysis of an a,y-amino alcohol 
derivative 1. This amine to ketone transformation was first accomplished using the Ruschig process, i.e. by 
preparing the N-bromo derivative of 1 which was subjected to base catalysed dehydrobromination and 
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hydrolysis of the resulting imine. However, since it was not certain that this method would be sufficiently 
gentle for use in this context, Corey and Achiwa” developed a oew procedure for effecting the primary 
amine to ketone conversion under extremely mild cooditioos. 

In this new method the appropriate amine 4 was converted to a suitabk sChi!T base, e.g. 5, which was 
rapidly transformed by prototropic rearrangement to an isomeric Schiff base 6, the latter then a&ding 
the desired ketone 7 by hydrolysis in weakly acidic solution. 

0 

V 
\ 

+ R,c+w - 

3 4 

N+% t 
NdX2 

7 0 

The key to this reaction lies in the choice of reagent used to form the Schitf base, the principle being 
that the reageot should possess a reactive carbooyl group to which is attached one or two powerfully 
2rclectron-withdrawing groups, themselves being protected against nuckophilic attack. Also the anion 
produced by deprotouatioo of the first Schiff base 5 clearly must be able to assume the optimum 
geometry for electron deloc&zatioo. The readily availabk 3,&h-r-butyl-l,2-benxoquinone.3 was found 
to be an extremely effective reageot for this purpose, the substitutioo pattern being such as to obstruct 
nuckophilic approach by an amino group to all but Ci of the aromatic ring, thus favouring formation of 
5. It would be expected that deprotonatioo of 5 to form the rcquimd intermediate for prototropic 
mmeot to 6 would be greatly facilitated because of the stabii of the iotermediate anion and 
there is ample ditfereoce between the free energies of 5 and 6 to force the cooversioo thermodyuamic- 
ally.Thereactioooftheamine4andketone3toformSchiflsbase6was~~inmethawlat230and 
ketone 7 was generated from 6 by hydrolysis at pH 24 at 23”. 

Corey and A~hiwa’~ also descrii a second type of reagent for this purpose, characterised by the 
presence of the cr-ketoakkhyde system in a structure which allows oucleophilic attack only at the formyl 
group. These reagents-mesitylglyoxal & and its 3-&o- and 3Jdinitrcxkrivatives 8b and e-also rely 
00 the principle of steric shielding to control the site of ekctrophihc reactivity in the reagent. The 
electron-withdrawing mesitoyl group strongly facilitates the prototropic IWrangenEnt 9+lMected 
at 23” in the presence of a tertiary amine or alkali metal aILoxide-which may be expected to occur via 
an anion of structure 11. 
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Z a: Y-Z-H 
b: Y=NO,.Z=H 

10 

C: Y-Z=NO, 
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The general utility of these methods, which clearly have many potential applications, was shown by a 
number of examples; yields were usuauy high. 

(b) fkhydwion of /3-h y roxycarbonyl compounds to enones under mild neutrul condihns d 
In Corey’s early prostaghdin synthesis” a method was required for dehydration of the fi- 

hydroxyketone 12 to the enone system 13 under conditions mild enough to avoid accompanying elimina&m 
of the 1 I-acetoxy group. It was found that this could be accomplished using dicyclohexylcarbodi-imide in 
ether with cupric chloride as catalyst. 

The method was devised on the expectation that reaction of the B-hydroxy function with carbodi- 
imide would lead to a carbamidate derivative which should be susceptible to cycloehmination of the 
form 14. 

This represents a new method for the dehydration of /3-hydroxycarbonyl compounds under mild 
non-acidic, nonbasic conditions and has been shown to be of broad generality. 

(c) Catalytic dehalogenation via ttialkyltin hydrides 
In Corey’s second basic approach to prost&ndin synthesis the iodolactone 151 was deiodinamd 

with trialkyltin hydrides to the intemmdiate l!!b, a precursor of the E and F p&&&r&s. In 
connection with this work a procedme was developed in which the tin hydride was used in catalytic rather 
than in stoichiometric amounts, since in the latter case the product had to be separated from a fug one 
equivalent of trialkyltin halide which limited the method’s usefulness.” In the new procedure the organic 
halide R’X and 0.1-0.3 equivalents of trialkyltin chloride in ethanol was treated with sodium borohydride in 
ethanol which led to the in &II generation of the tin hydride and subsequent dehalogenation according to the 
following cycle: 

2R&X + 2NaB.~2R&H + 2NaCI + B& (1) 

R&H + R’X~R&X t R’H. (2) 

In most experiments the reaction was carried out in Pyrex with irradiation by a IO&W mercury 
~jothatreactionocc~rapidlyatorbelowroomtemperature.Ethendwasusedastbesdvmt 
inordtrtotrapthe~&l’borane.Thisde~nprocedure,whichdidnotintafmwiththecsta 
and lactone functions fu&ions elsewhere in the molecule, was illustrated with several d&rent organic 
halides R’X; yields were high. 
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a: R,-i &-AC 
b: R,=k, R-AC 
c: R,-&R,-H 

i %O%~ 
OR, 15 
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(d) Oh.& formotfon by nod ~~~ of ~kyd~ 
Two nlctha have been &vised for the elimination of iodollydrins to okfins with high CiEckncy 

uuder mild conditions, the need for which arose in the transformation of iatermcdiate 15 to the 
cyclopcntcnc 16, required for the synthesis of prostaglandins of the A series and of lldcoxypros- 
~~8. 

16 

In tbt &st of these methods, by Corey and Gric~,~ the elimination was achieved in >9!396 yield 
Ming meuumcsulphonyl chloride in pyridine at 0-W. 

Crabb6 and Guxn&‘* efFected the same transformation by reacting intcrmcdiatc,l5c with freshly 
distiIkd phosm oxychbride ia pyridine at V4oom temperature. The generality of this promlure, 
@e -ha&m of which may be rqmzsented as shown 17, was subsqucntly di3nonstrated with other 
examnks.” 

17 

Both of these methods have the advantage that they avoid the use of a reducin6 agent, e.g. zinc or 
s~~~~,~y~~~~n. 

(e) An impmxd cutalyt& osmium tetIvxide oxidabn of OlejIns to ci8-1?2-glyc& wing tertklry tuninc 
oxides 

Althugh osmium tctfoxidc i8 a very &ctive re3gent for the oxidation of olefb~ to 4%l&lycols, 
its high cost and toxicii, coupled with cumbersome work-up procedures, arc a disincentive to its use, 
particularly on a large scak. These probkms have been diminished by employing osmium t&oxide in 
catalytic, rather than in stoichiometric amounts, resencrating it with another oxidant which has been 
provided by chlorate or hydrogen paoxide. 

However catalytic osmylatioa with these oxidants was found to give rise to some further oxidation of 
the diol to an u-ketol, resulting in ykld losses and separation probkms. Upjohn workers, wbca 
invest&atin6 the oxidation of the pro&a&x& intermediate 18 to the ds-glycols 19a and Mb, 
discovered an improved catalytic’ osmyktion procedure using N-~y~~ho~eN~~ (NMO) as 
the second oxidant with which this side reaction did not OCCUT.” Tbcir reaction, wbicb aflordai glycols 
19a+b in MS% yield, ww carried out in aqueous acetone at room tcmpemturc using 0.21.Omok% of 
osmium tctroxidc and one mok of the amine N-oxide, followed by a simple work-up proc&rc involving 
reduction of the osmium t&oxide with sodium hy~s~p~ and its adsorption on magnesium silica& 
audtbenacidextractionoffheaminc. 

18 168 166 
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The gamdity of this reaction and its geatcr efkicncy compared to other c&-glycdisation 
procedures has been iIlustrated for a variety of difkrcntly functionalisai ole6ns. It was found that other 
simple alipbahc aoinc oxides can also be used in this reaction, but NM0 was preferred because it 
generally jgivcs a faster reaction rate and can be easily prqarcd. 

(f) Synthesis of allylie alcohols by nmclcophUic vinylation 
Corey and WoUenbcrg’9 have reported that tronr-l-tri-n-butylstannyl-l-propene-3- 

tctrxhydropyranyl ether 241, prepared in one step from bi8(tri-n-butyltin)oxide and propargyl tctra- 
hydropyranyl ether, can be used via the vinylic nuckophiks 2ob8 to effect the nucleophilic introduction 
of the tmneCH=CHCHPH unit. Thus 201 was treated with n-butyllithium in THF to give the lithium 
reagent 20h and then with l-pcntynylcoppcr to form the mixed Gilman mt 2k which underwent 
conjugate addition (at -78 to 5tP) to 2+yclopcnt-Zenone tArding the vinyl alcohol derivative 21 in 8096 
yield. 

Ii 0 
CH*OThp 8: Mat = n-Bu& 

b: Met = LI CH,OThp 
H c: Met = cu-cali, 

20 21 

JZxamplcs 8cc given of similarly high yields with other cyclodkcnoncs. It was also shown that 2lb can 
be used for the extension of chains by reaction with an alkyl halide; thus reaction with 1,8- 
diimoacctonc gave the bis vinyl alcohol derivative 22 in 85% yield. These rcqcnts arc ckarIy of great 
potential value for the introduction of the tram allylic alcohol group to a wide variety of molecules. 

ThpOCH&=CH(CH&CH&HCH~ 
t? 

e, Sy+& of a$?-unsatumted aldehydu using 13bis(methyfthio)allyUithimm 
Corey and Noyor? found that the epoxide 23 could be elaborated to an isomeric mixture of 

unsaturated aldchydes 24a.b ush 1,3-bis(mcthylthio)aUyllithium 25. The latter, a new reagent easily 
prepared by reaction of epichlorhydrin and sodium mcthyltbiolatc to 26r, n&y&ion to X&I and 
then treatment with lithium di-isopropylamide in THF, functions as a synthetic equivalent of the 
unknown and probably intrinsically unstable anion 25. The reaction of 25 with epoxide 23 was carried 
out in THF at -78” under argon to give a mixture of the isomeric products 2& and 2#b, which was 
hydrolysui with mercuric chloridecalcium carbonate in aqueous acetonitrile under’argon at 50” to give 
akkhydcs % (30% yield) and 24b (40% yield). 

8: R=H 
b: R-Ma 
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Reagent 2!l has also been shown to shown to undergo a similar reaction with other epoxkks as well 
as with alkyl halkks and carbonyl compounds.” This is ckarly a valuable new approach to the synthesis 
of conjugated aldehydes with many potential applications. 

(b) Oxidation of alcohols to carbony compounds under mild conditions 
Aldehyde intermediates, from which the prostaglandin side chains are elaborated via suitable Wittig 

reactions, arc commonly encountered in pro&gkndin chemistry. It has often been necessary to 
generate these aldehydes under mild, non-acidic conditions so as not to interfere with other groupings in 
the molecule, for example an acid sensitive THP-cthcr. This problem was encountered in the well-known 
approach to prostagkndms by Corey in which the lactose ester aldehyde 30 was prepared by oxidation 
of the corresponding alcohol 29.- 

28 R=COCH,, pPhPhC0 30 

This oxidation was or&rally carried out using the modilkd form of the chromium trioxide complex 
due to Collins, Hess and Frank (Collins reagent)” which has been used extensively in similar oxidations 
in ooler prostagkmhn synt&scs. However this method, although clfccting the transformation of 29 to 
3g in high yield (90!%), stdfercd from the disadvantage of being dillkult to carry out on a multimolar or 
even molar scale. Also, in the author’s experience, this reagent can give rise to ditllcultks in preparation 
in which the hygroscopic nature and llammability of the pyridinechromium trioxide can be troubksomc. 
More recently Corey and Rim have developed a new reagent based on complexes of a sulphide, e.g. 
methyl sulphide, with chlorine or N-chlorosuccinimi&, which has been shown to be a highly effective 
met&d for the oxidation of primary and secondary alcohols to carbonyl compounds.w2s This process 
nlaybesllmmall ‘sed as follows: 

#Lap- mfl 
R,RKHOH-R,RKHO S +CHgl-- 

I 
R 

RlRzC==O + Et$lHCl + RSCHa 
X*1 or N-succinimido 

This method was used for the oxidation of 29 to 36 using the reagent in which X is N-succinimide k 
tolucne-methykne chloride. However, it was found that the aldehyde product 30 was contaminated with 
variable amounts of starting alcohol 29, even when an excess of oxidising agent was employed, possibly 
because of the insolubility of the sulphoxonium intermediate. Much better results were obtained using as 
the reagent the 1: l-complex of chlorine with methyl phenyl sulphide in carbon tetrachloride and 
mcthykne chloride mixture, (9046 yield). The methyl sulphide-N-chlorosuccinimide reagent gave very 
good results in the oxidation of the potentially labile hydroxy acid 31 to the keto acid 32, the penultimate 
stage in a synthesis of PC&. Corey and Rim have also used a dimethyl sulphoxide&lorinc complex for 
alcohol to carbooyl conversion. r Weinshenker and Shea” successfully oxidiscd 29 to 30 using a 
modified Moffatt oxidation in which a carbodi-imide is linked to a crosslinked polymer matrix. This reagent 
was used to oxidisc a range of alcohols to aldehydes and ketones and was found to be particularly useful 
in &aling with highly sensitive compounds. 
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Other methods for effecting the oxidation of alcohols to carbonyl compounds which have been 
reported in recent years include an improved version of the chromiumtrioxide complex= in which the 
complex was generated and used in methykne chloride solution directly, thus avoiding the di5culties 
encountered when it is isolated in the solid form. Reagents derived from chromyl chloride,s’ chromium 
trioxide in hexamethylphosphoric triamide”’ and pyridinium chlorochromat~’ have also been used. The 
last method, which is recommended for moderate to large scale oxidations, has been found particularly 
useful in the author’s laboratory for oxidations of alcohols to aldehydes in prostagtamhn-type intermediates, 
because of its commercial availability, safety, stability on storage and simplicity of use. Although 
development of these new methods has obviously also been itdluenced by wider considerations, the needs of 
prostaglam5 chemists have clearly provided an incentive for research in this area and the limited 
methodology available at the outset of prostaglandin work has now expamkd into a variety of 
ditferent methods from which, for any particular requirement, a choice can be made. 

(i) Reduction of a,~-unsatumtcd ketones to ally& alcohols 
Many prostaglandin syntheses include a step in which an a$-unsaturated~ketone is reduced to form 

the allylic alcohol system of the o-chain. In the early prostaglam5 work this was carried out usb zinc 
borohydride or an alkali metal borohydride, but the re8ioselectivity of the reaction left much to be 
desired and a substantial degree of olefin reduction occurred, although this problem can be minim&d by 
work& at low temperature. 

In subsequent work improved procedures for this reaction have been reported. Thus Miyano, Darn 
and Mueller,12 when reducing the enone 33, found that 8ood results, with only a small amount of ok5 
reduction, could be obtained using potassium borohydride in a citrate but5 at pH 8. This method, 
however, which has also been used successfully by the author in the 114eoxyprostaglandin seriesp 
involves large reaction volumes and diEcult work up procedu~ which can be a disadvantage for use on 
a lar8e scale. 

Corey d uLy successfully used a reagent prepatG from 0pticaIly active di-isopinocamphenylborane 
and methyl lithium in tbe presence of a Lewis base (hexamethylphosphoramide) (at 970~1OtP) for 
reduction of the enone 34 to the allylit alcohol, with only 2.8% of the 13,Mdihydro product. This 
approach was also designed with the object of achiev& stereoselectivity and is discussed more fully in 
Section 3 of this Report. 

,d 

84 

A - p-phenylkntoyl 

More recently, the readily availabk lithium tri-s-butylborohydride (~-Selcc&idc~~ has been used very 
succes~yforreactionsofthistypeaadis~~~~seit~simpletouse~d~y 
regiosekctive. However, picker, Auderson and Leovep have shown that when K-Selecti was used for 
reduction of the 17,17dinWhyl-substituted compound Xa, the main products were the deoxy4e5 JQJ 
(31%) and the saturated ketone 36e (60%), with minor amounts (9%) of a mixture of alcohols (3s;ae) which 
was shown by NMR to be largely saturated. 

Thiecompletecbpnoeintberegioselectivityoftbereodionmrybeawn;buted,onstaicgrounds,to 
the opera&t of Newman’s ruk of six, since the gem dimethyl #roups intnxh~ six addi- atoms 
(encircled in the diagram, 35) in position 6 relative to attack at the c&onyl. 
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It was found, however, that the desired reduction of ketone 36a to the allylic alcohols 36d could be 
effected without conjugate reduction, with aluminitun isopropoxide in the classical Meerwein-Pondorf- 
Verley reaction, a method which had, interestingly, been reported earlier by Raphael and ICI workers~ 
as being particularly successful for reduction of enones such as 34. 

m: C&H CO CH&MhPr 

b: CH,CH=kHCHAXkhPr 

c: CH,CH&OCH,CMaPr 

d: Ct+kHCHOHCH,CMhPr 

l : CH,CH&HOHCH,ChkPr 

Nevertheless it has been shown B that in the case of a cyclic 2cn-Mdione, use of the aluminium 
isopropoxide method and most metal hydrides were unsatisfactory and here. and with cyclic-2cnones. 
di-isobutylahuninium hydride was recommended as being the wnt of choice. 

This is ckarly another area in which no single rcqent stands out as being necessarily the best method 
for use in every case, and prostagkmhn research has undoubtedly played a useful part in assessing the 
advantages and limitations of the several useful methods now availabk. 

2-Alkykyclopent-2cnones have been used very extensively as intermediates in prostagkmbn syn- 
thesis since they readily a5ord the prostanoic acid skeleton via conjugate addition reactions. The need to 
achkve e5cknt routes to the required cyclopent-2cnone.s led to several new and improved syntheses of 
this well known class of compounds and to some interesting developments in their chemistry. Some of 
the earlier work referred to here has also been discussed by Ellison in a general review on the synthesis 
of cyclopentenones.@ 

(a) 2-Alkylcyckpent-2-a 
cuSubstituted 24kylcyclopentenones 37 were required for the syntheses of I ldcoxyprostaghdins 

and a variety of new methods for their synthesis has been described. 

a: I%-Coae, R=Me 
b: R,=H,R-Ma 
t: R,-H.&-Et 

(i) LMydmbrvnhath of bnmocyclopatanoue derivatives. !Sevad of the new syntheses are based 
on adaptations of the classical ~hydrobromination reaction to give conditions which aiTord 
satisfactory yields under su5ckntly mild conditions. 
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Ayerst chemists’* synthesised the enone 37 (X= C&CHs, R=C&H) by bromination of tbe 
condensation product 3lb of methyl 2-cyclopentaue carboxylate and methyl c+bromoheptanoate, then 
efTecting both ~hy~~~n and ~~xyl~on in a single step by refhtxing with 20% sulphuric 
acid in ethanol (37% from 38a). Since methyl 2cyclopentanone carboxyiate is readily available, this two- 
step process afTords a very short route to 2-alkylcyclopent-2cnones from the appropriate alkyl halides. 

Later methods were based on bromination of the 2+xocyclopentanecarboxylate 3tIb or its deriva- 
tives, prepared, e.g. by decarboxylation of 31h. Using a procedure described by Garbisch in connection 
with earlier work on cycloalkenone synthesis, Novak and SZantay” reacted cnone 38b with bromine and 
ethylcnc glycol to give a mixture of monobromo compounds 39 and 4g (ratio 65:U) in 8046 yield, which 
afforded the enone 37 (R= C&Me, X = CHgH2) (40% yield) on treatment with boiling methanolic 
sodium hydroxide followed by ester&&ion of the intermediate isomeric unsaturated acids. 

Attanasi et uL” obtained enone 37 (R = Cq Et, x = CHKH2) from the 2-~ylcyclo~ntenone 3& by 
bromination with phenyltrimethylammonium perbromide in THF and then dehydrobromination iu 
collidine (52% yield). 

Trost and Kuroxumi” prepared enone 37, (X = CHKHs, R= CC&H) by bromination and then 
dehydrobromination (Iithium c~o~~~rn carbonate) of the trimethyl silyl ether 41. Crammer, 
Aixenshtat and Ikan” prepared enonc 37 (X = CH$Hr, R = CG$t) via bromination of the enol acetate of 
38c and dehydrobromination with lithium bromide-lithium carbonate in dimethylf ormamide (overall 
yield from 3&, 47%). 

There is thus now a variety of satisfactory methods for effecting this bromination-dehydro- 
b~~n~on sequence. The success of this approach is obviously dependent on the fact that the 
2-alkylcyclopentenone products are thermodynamically more stable than the corresponding exocyclic 
compounds. The relative thermodynamic stability of possible alternative products will thus obviously be 
an important factor in determining where these methods can also be successfully ‘applied to the synthesis 
of other cycloalkenones. 

(ii) Zsometirufioe of 2-ufkylidmecycfopentunona. In connection with a May and Baker synthesis of 
lldeoxyprostaghu~dins~ a method was developed in which 2-alkylidenecyclopentanones 42, known 
from earlier work to be readily available by reaction of cyclopentanone morpholine enamine and the 
appropriate aldehyde, underwent isomerisation to the ~~~~~y more stable 2-aIkylcyclo- 
pentenonc 43 on heating at 90-100” with hydrochloric acid in n-butanol.Y This reaction was used for the 
preparation of the prosta@andin intermediate 37 (R = CHPH, X = CHKH2) and the general utility of 
the method was subsequently illustrated by its application to a series of unsubstituted 2&ylcyclopent- 
2-enones 43 (R = alkyl). Yields for the isomerisation 42 to 43 were 47-74%. 

Although this isomerisation using acidic conditions had been reported previously, e.g. by heating with 
polyphosphoric acid, it had not found practical application in cyclopentenone synthesis, probably 
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because of the variable yields due to competiag intermolecular condensation. The new method, however, 
aitords consistently good results and is simple to operate. 

(iiii IsonIe?iWion of cydopent-hnones. Two 2-alkylcyclopent-2cnone intermediates, 37 
(X = CH=CH, R=CO&te) and 49, required for the synthesis of “2” type prostaglaudins, were synthesised 
via isomerisation of the corresponding 2-alkylcyclopent-3-enones 46 and 1. 

The isomerisation of 46, described by Grieco and Reapp was effected in 85% yield using 1N sodium 
hydroxide -95% ethanol at 3560”. by modification of a procedure which was first described by Grieu? 
in a synthesis of cir-jasmone. Isomerisation of 48, in a synthesis due to Bartman, Beck and L.erch,” 
interestingiy took place, sim&aneously with oxidation of the alcohol precursor 47, when the latter was 
treated with dicyclohexykarbodLimide in dimethylsulphoxide at room temperature. 

Intermediates 46 and 1 were obtained via Wi@ reactions on lactol 44, to give the unsaturated 
alcohols 45 and 47, ketone 46 beh prepared by Jones oxidation of alcohol 45. 

Although this approach involves a number of stages it is potentially useful for the synthesis of 
2-alkylcyclopent-2cnnes contain&t a double bond in the 2,fposition of the side chain or other 
groupings in that region, which would be expected to interfere with the operation of methods (i) and (iii. 

(iv) Cycfisution of a +tod&hy&. An interesting development of the well known base-catalysed 
cyclisation of y-ketoaldehydes was reported by Bakuxis and Bakuxis.” These workers constructed a 
latent aldchyde in the form of a chloroalkylphcnyl thioether sob which has hydrolysed with cupric 
oxide-cupric chloride in aqueous acetone and the resulting ketoaldehyde added, in ethanol, to 1% sodium 
hydroxide at 75” to effect cyclisation (and ester hydrolysis) (in 63% yield) aflording cyclopentenone 37 
(R = CQH, X = CHKH,,). 

i 
50 

a: X=H 
b: X=CI 

Phenylthioethcrs of type sob are easily prepared by chlorination with N-chlorosuccinimide of the 
parent thiol SOa, which is made by reacting the acid chloride-ester of an cr,wdicarboxylic acid and the 
Grignard reagent of the appropriate 3-bromoalkylphenyl sulphide. Suitable methods for the synthesis of 
y-ketoaldehyde intermediates are relatively few in number and this is clearly a useful new method for 
generating them in relatively few stages. 

(b) 2,3-LXsubstitnteii cyclopcnt-2-enone. 
Although 2,3disubstitutcd cyclopent-lcnones are readily prepared by base-catalysed cyclisation of 

ydiketones 51; except where the diketone is symmetrical 51 (R, = R& or with a monomethyl ketone 52 
(RI = H), the reaction gives a mixture of the two akemative products 52 and 53 which can be diicult to 
separate. 
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A simihu situation occurs with the well known polyphosphoric acid vment of 7-lactones 54 
to cyclopentenones. These reactions were studied by Fmch, Fitt and Hsu” in connection with the 
synthesis of a prostaglandin intermediate when it was found that cychsation of lactone 55 with 
polyphosphoric acid gave, with accompanying decarboxylation, a low yield of enone 56 and not the 
alternative product 5Sa. 

8: R-Et 
b: R=H 

It was found that the latter, which was in fact the desired product, could be obtained in good yields 
by cycliition of the diketone 57. This cyclisation, which was evident under very mild conditions, was 
here conveniently carried out, simuhaneously with ester hydrolysis, by refhtxing in aqueous methanolic 
potassium carbonate to give the diacid 58b in 71% yield. These Wings atford a useful insight into the 
direct& influence of the ethoxycarbonyl grouping and an effective means of synthesising the enones of 
type 58 and products which may be derived therefrom. 

Finch d al.= also prepared a 2,Misubstituted cyclopent-2-enone pros- intermediate 69 by 
bromination of the enol acetate mixture of the corresponding satu&ed ketone 59 followed by 
dehydrobromination with triethylamine (yield 69%) but found that direct bromination of 59 and base 
treatment gave a comparable overall yield (59+69; 61%). 

(c) 2-Alky~4hydmxycyclopmt-2-enones 
2-Alkyl4hydrocyclopent-2-enones 67 have been used extensively in the synthesis of natural pros- 

taglandins by conjugate addition of organometaUic complexes and a number of new methods for their 
synthesis have been developed, aimed particularly at products with the hydroxyl in the required 
a-con@ration. 

Stork, Kowalski and Garciaa showed that they can be prepared conveniently by cleavage of the 
epoxides 62 of the appropriate 2-alkylcyclopent&nones which are readily synthesised from cyclo- 
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peatadieae epoxide. Epoxides of type 62 can o prion’ undergo base-catalysed elMration ia two d&rent 
directions to give either the required eaoae 63 or its isomer 61. However, although the desired product 
63 is tire more stabk isomer, the reaction, which was carried out with triethyhuaine at room temperature, 
ia fact gave a very high yield of 61, tire product of kiaetic control. It mi&t be expected that 61 could 
then be induced to uadergo isomerisatioa to 63 via hydration to the dio164 followed by dehydration. This 
could be effected ia very good ykld with dilute base (1% sodhun hydroxide) but results were only 
reliable with the stereoisomer of 61 in which the hydroxy group and the side chaia are ia the cis 
relationship, thus leaving one face of the cyclopeateaoae entirely uahindered sad allowhu2 a relatively 
high rate of hydration. However, it was found that cyclopentenones 61 were these functions arc in the 
tttmrelationships canalsobeindu~to~thistransformatioainhighyieldifchloralisadded 
with the base treatareat. The hydration is then made effectively iatramolecular, preswaably because the 
reaction proceeds via the acetal intermediate 65 which then eliminates. 

The results of this study were then applied to the traasforaratioa of epoxide 66 into prostqkndin 
intermediate 67 (X = CH=CH) which was effected, without the aeed to isolate the intermediate hydroxy 
eaone 68, by treatiag 66 with base (triethylaariae ether-thykae chloride) aad tbea adding anhydrous 
chloral. 

This reaction was also examined by Floyd% who showed that epoxide 66 underwent 
openiag ia a threefold molar excess of queoiu soditua carbonate at room temperature to give 
approximately equal anmuats of hydroxyenoae 67 and the unwanted isomer 68 (X = CH=CH). This epoxide 
opening was complete in 3 hr, but whea the reaction was allowed to proceed for Uhr, quilibmtioa 
occurred to a mixture consist& very laqgely of 67, with less thaa S% of 68 (barely detectable in ‘H 
NMR spectrum). 

The traasforaratioa of hydroxyenoaes 62 to eaones 67 was also studied by Piaacatelli and !ScettrLS 
These workers found that eaone 68 (X = CH&H*, r-butyl ester), which they prepared by vnt 
of the fury1 carbiaol69, with polyphosphoric acid in aqueous acetone underwent isomerisatioa to the 
1-butyl ester of 67 (X = CH&H& in 95% yield, by adsorption on ahuaina sad elution with benxem~ther. 
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It was suggested that this interesting transformation might proceed via a dehydration-hydration 
sequence involving heterogeneous catalysis, with initial formation of an unstable cyclopentadienone 
which immediately changes into the more stable a$-un&urated ketone 67. This assumption is 
supported by the fact that when the C=C double bond of 67 is reduced, only the dehydration reaction 
occurs with initial formation of the more stable a&unsaturated ketone. 

In fact, by catalytic reduction of Pd/CaCq in methanol followed by elution of alumina (Brockmann 
grade III basic) with benzene, 68 (r-butyl ester) underwent dehydration to enone 37 (X = CH2CH2, 
R = CG’Bu) in nearly quantitative yield. . . -- 

Sih d uf.” investigated the synthesis of dhydroxycyclopentenones from cyclopentadiene 70. The latter 
when subjected to a l&cycloaddition with chemically generated singlet oxygen (from sodium hypochlorite 
and hydrogen peroxide in ethanol at -I@‘) gave a 20-40% yield (the yield increased to 55% if the 
methyl ester was used, the isomer ratio remaining unchanged) of a 1: 4 mixture of enones 63 and 71 
(R = (CH&CaEt), which were readily separated by column chromatography. When the mixture was 
oxidised with Jones reagent to the diketone 72 and then reduced back to the hydroxyenones, it was 
found that the ratio of products 63: 71 obtained depended upon the reducing agent employed, being 1:9 
with lithium tri-reti-butoxyahuninium hydride and 2: 1 when ahuninium isopropoxide was employed. 

Ho 
R P / 

0 

71 

R = (CH&COnEt 

A group at the HungaGu~ Academy of Sciencesn described a highly stereoselective route to the 
required optically active (cr)-epimer of hydroxyenone 67 in which the dial 73 was prepared via osmium 
tetroxide-sodium chlorate dihydroxylation of the corresponding ole8n intermediate (8W2% yield), the 
auMIguration of the oxygen functions arising from the directing inlhrence of the lactone ring. The diol 
73 was then taken forward to the acetonide 74 from which the hydroxycyclopentenon 67 (X = CH=CH) 
arose (in 83% yield) on careful hydrolysis in 28% sulphuric acid at 0”. followed by dehydration with 
oxalic acid and sodium oxalate at room temperature. 

Two interesting new cyclisation methods for the formation of 2-alkyl4hydroxycyclopent-2cnones 
have been reported. Stork and Takahash?’ synthesised enone 67 via cyclisation, with sodium hex- 
amethyldisilazane in refluxing benzene, of the cyanohydrin 75 (85% yield), the latter having been 
constructed from isopropylidene-Dglyceraldehyde. The cychsation product 76a alforded, via the 
sequence-olefin cleavage, hydrolysis of ethoxyethyl and esterificatibn-the cyanohydrin ester 76b which 
underwent elimination 67 (a-OH epimer, X = CHxH1, methyl ester) in 88% yield on treatment with 
2% sodium hydroxide in ether-THF at 0”. followed by acidiIIcation with hydrochloric acid. The 
protected cyanohydrin, which acts as an acyl carbanion equivalent in the cyclisation, fuhils an important 
role in this sequence because the stability of cyanohydrins to mild acid keeps the latent aidol systems (76b) 
protected until the Iinal mild base step; also the stability of the cyanohydrin to oxidation is important during 
the olefin cleavage. 

The second cyclisation method was by a group at the University of Rocheste?r who synthesised 
compounds of type 63 by constructing intermediate 79, from the methyl thioether ketone 77 and the 
T~Vd,U.No~ 
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76 

R = CH(Me)OEt 

76 

8: I$= ‘--\C&, R, = CH(Ms)OEt 

b: R, = COpMe, I& = H. 

ketene thioacetal monoxide 78, which with 48% hydroborofluoric acid in acetonitrile atforded ketoaldehyde 
SO. The latter then underwent cyclisation to the dhydroxycyclopentenone 63 (R = (CH&C&Me) at 40’ in 
benzene with lithium hydroxide and a phase transfer catalyst (55% yield from 77). 

This method was also extended to the preparation of two other Qhydroxycyclopentenoncs 
R=(CH&Me, CHKH<H1. 

a 

In two syntheses of hydroxyenones 67 (acpimers) the II-hydroxyl group was formed stereoselec- 
tively via a microbiological step. In the first of these methods by Sih n 01.@ the trione 81 was reduced 
stereospecitlcally with Dpudascus minuclcatus to the a-hydroxydiketone 82 which afforded enone 67 
methyl ester (X = CHICH~, acpinier) via carbonyl reduction of the enolate 83 and an acid-catalysed allylic 
rearrangement. 

HO 

21 22 

I% = (CH&CO.Me 
fl* = IsOPr, PhCO 

22 

Interestingly, when the reduction of 81 was performed with Mucor mmmanianus, the @-hydroxy 
epimer corresponding to 82 was obtained. In the second method, by a Japanese gro~p,~’ the enone acid 
37 (X=CHICHI, R=CQH) was hydroxylated directly by Aspergik niger (Atcc 9142) to give 67 
(X = CHICHI, acpimer) with partial asymmetric induction. The asymmetric reduction of compounds of 
type 81 to 82 has also been accomplished using lithium ahuninium hydride partially decomposed by 3 
equivalents of (-)-N-methylephedrine.6 

(d) 2-AUyl-S-hydroxrcyclopmt-2-cnoncs 
2-AlkylJ-hydroxycyclopent-2cnones 84 were required for the application of the conjugate addition 

approach to the synthesis of I~hydroxyprostaglandins 85. May & Baker chemists? found that the 
acetyl derivative 87 of 84 could be prepared by heating the epoxides 86 of 2-alkylcyclopent-2mones 
with acetic acid, a transformation which may be explained by the mechanism shown. 
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84 

R = alkyl 

Hydrolysis to the free alcohol 84 was then achieved by careful treatment with sodium carbonate in 
aqueous methanol. 

Interestingly, it was found that under strongly basic condition~um methoxide in methanol- 
vment to the 3-alkyl-2-bydroxycyclopent-2cnone ll&I occurred, possibly by a mechanism such as: 

en01 of 64 ua 

A similar mement took place when enone 84 was treated with methanolic hydrogen chloride, 
afTording the methyl ether 89 of 88, possibly as follows: 

en01 of 04 m 

A similar type of cpoxide cleavage was discovered by Vandewalle, Seghal and SipidoU with the , 
epoxide of 2-methylcyclohexeu2cnonc where treatment with 50% acetic acid afforded bhydroxyl-2- 
methylcyclohex-2cnonc. and a transformation of this nature has also been noted in ring A of the 
stcroids.m This reaction is clearly a potentially useful method for effecting what amounts to a 
nucleophilic attack at the Q’ site of an a&unsaturated ketone. However, more examples are required to 
establish whether the reaction is of broad generality. 

The existence of several chiral centres in the prostaglandin molecule presented a considerable 
synthetic challenge and a number of ingenious stereoselective methods have been devised. The 
discussion here is concentrated on some novel key reactions which have played an important part in this 
work, although in some cases’reference is made to other stages in the syntheses where this is necessary 
to an understanding of the overall synthetic strategy. 

(a) Stemosdective genmtion and mgiosdective cleavage of cyclopentane epoxides 
A valuable approach arose from the finding that the C,I and Cn centres could be generated by a 

regioselective cleavage of cyclopentane cpoxides which had been synthesised stereoselectively. In one 
of these syntheses. due to Corey d ul .lob, the ci.r-syn-cis stereochemistry of the required 
epoxide 93 was achieved by epoxidation of the unsatmated lactone 99, using 40% peracetic acid in 
acetic acid,t which gave a product containing 8996 of the isomer 92 with the required co&u&on. 
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and only 11% of the unwanted cis-unti-cis isomer. Altematively, the lactone 90 was saponified and the 
product iodolactonised to iodolactone 91 which alTorded 92 on lactone hydrolysis, cyclisation of the 
resulting iodohydrin and rehWo&ation. 

After conversion of epoxidolactone 90 to the cyclic acetal 93 (di-isobutylaluminium hydride treat- 
ment and methylation with boron trifh~oride etherate in methanol), the desired regioselective cleavage of 
the epoxide was achieved by reaction with ~~yl~p~rti~ (vinyl Gihnan reagent) in ether at -2o”, 
which gave the required intern&ate 9da as the major product, with only a minor amount of the 
alternative position isomer 94~ (94a:94b ratio 81: 19). 

In the second method by Fried ef 4.. 6)-n the dial epoxide 97 was synthesised stereoselectively by 
epoxidation of the dibenzyl ether of ti-cyclopentene3Jdiol and thence reaction of the product 95 with 
lithium diallyl cuprate to give the tmns-allyl alcohol 96, tosylation, terminal hydroxylation of the ole6n 
via the ozonide, debenzylation and epoxide closure with potassium hydroxide in methanol. 

Cleavage of 97 was achievd with the ethynylalane reagent 911 to give 99 as the exclusive product. 

OH 

The high degree of regioselectivity in the formation of 99 was attriiuted to the directing inffuence of 
the primary alcohol function in 97 which can form a covalent bond with the aluminium in a cyclic 
transition state 100, where the desired epoxide cleavage at Cl2 is preferred. 

It was later cLhownR that this reaction depended upon the composition of the reagent and that the 
high degree of regioseleetivity was ob&ined only when the dimetbylchlor&ane 9& used contained 
rne~x~~ylc~~e 98b as a alit. Subsequent work was therefore carried out using 
thelatterasthereagent. 

Hoffmann-La-Roche chemis@ have synthesised intermediate #) in the required optically active 
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form, by treatment of the cyclopentadiene 101 with (+)di-3-pinanylboraue and then alkaline hydrogen 
peroxide to give the (-) hydroxyester 102, which underwent cyclisation to optically pure 90 on base 
treatment of the mesylate. Intermediates 92 and 97 wert then prepared from the resolved intermediate 99, 
thus permitting a synthesis of p~s~~~s in their optically active forms. 

A synthesis of intermediate 93 has also been reported by chemists at Alien and Hanbury and Salford 
University” who treated the bromohydrin 103 with methoxide ion to give the epoxide 194, which 
underwent photolysis in methanol, containing small amounts of sodium hyeea carbonate and 
2~~e~y~xa-2,~ne, to give 93 (42%) and the ~0~s~~ endo isomer (11%). 

Another interesting aspect of this epoxide cleavage reaction has been reported recently by the Allen 
and Hanbury and Wford University grot~p’~ who found that their epoxide intermed& 193 was attacked 
with a high degree of regioselectivity by a wide variety of o~o~~lic reagents, notably the 
methylthio lithium reagent 106. Interestingly, the latter tea&t showed a lack of selectivity when used’to 
cleave epoxide 93a but with 195 tiorded a product containing 83% of the required isomer 197.t 

r-l 

105 107 

@) Coitjrtgate addition of o~~rn~~~~ complcxu to cyciopenfmnt4 
The formation of the prostanoic acid skeleton by conjugate addition to 2-alkyfcyclopent-2cnones, 

e.g. 106, referred to in Section 2 of this Report, has been achieved by severaLgroups of workers using 
organometahic “ate” complexes, e.e, 109,W III,‘” 112.n 
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A+- I 
XMCO,MB + u+cu- v ( ) L 

I k 
04 106 102 

R, = Thp, OC(w)&Me Rp = OCH(M#)OEt SI(Ma)‘Bu 

X = CH,CHs, CH-CH 

[-fT-]L,+ + 
111 112 

!3ih et ui.# showed that stereochemical control was attained in this reaction by virtue of’ the fact that 
the “ate” compkxes, e.g. 109, attack the enooe 108 from the kast hindered side of the cyclopeotane ring, 
i.e. the side away from the grouping OR, with a high degree of stereosekctivity, and that the resulting 
eoolate intermediate, oo protonatioo, gives rise to the product 110 in which the two side chains are in the 
thermodynamically more stable lens relationship. Thus by starting off from the cyclopeoteoooe 10s in 
which the group ORI has the required a-configuration, stereochemical control was achieved at all three 
centres C,, CII and C,Z. 

The correct stereochemistry at CIJ could also be introduced here by starting off with the appropriate 
e 
r2 

tiomer of the “ale” complex 109. However it has been shown, by Syotex worker~,~ that whereas 
mic complexes of type 109 in which the double bond is tmns aflord, as would be expected, a 

mixture of both 15~ and IS/3 isomers, the racemic reagent 113, where the doubk bond is cis, yielded 
only the 15s produ~t~~ This was shown to be the case witb the simple eoone lllr when reaction with 
intermediate 1W gave only one (116a) of the two theoretically possible products 115 (154 and llh 
(15@). Sily with the enooe 114b where, because tbc group R is unresolved, a total of two racemic 
products might have been expected. only the (+) isomer (15fi) 115b was obtained. 

a: R=H 
b: R = OC(Me.)OMn 

116 116 

a: R=H ‘.: R-H 
b: R-OH b: R=OH 
c: R = OThp 
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This fhtding can only be the result of a stereoselective addition of the “R” enantiomer of 113 to Cj of 
the #I face of the enones 114 and of the “s’ enantiomer of 113 to Cs of the a face, the net effect being 
an asymmetric induction in which the newly created asymmetric centre (C,,) is 3 carbons removed from 
the locus of the original asymmetry. It is suggested that this stereoselectivity may be a consequence of 
coordination of the C-15 oxygen with copper producing a planar reagent with restricted rotation about 
the Cl,-& bond, thereby favouring regiospecific attack on the enone through a coordinate inter- 
mediate. 

This stereoselectivity, together with the fact that coupling of the ci.r intermediate 113 proceeded in a 
higher yield than the corresponding tmns reagent, made this an attractive route to prostaglandins when it 
was found that the ci~ olehns 116 could be isomer&d to the required tmns compounds.‘D This was 
achieved via the sulphenate esters 117 which underwent a [2,3] sigmatropic rearrangement to give the 
sulphoxides 119, the latter giving prostaglandin derivatives of natural configuration 120 on treatment with 
trimethylphosphite in methanol. This rearrangement was stereospeci6c, this being anticipated from the 
fact that it would be expected to proceed through the thermodynamicaUy more stable transition state 
which resembles conformer 118 more than 117 and thus provides the desired geometric and chit-al 
inversions. In practice sulphoxides 119 were formed directly when the intermediate 115 was treated with 
three equivalents of triethylaminc and p-toluenesulphonyl chloride. 

R = Ii, OThp 

R = H. OThp 

Organometallic conjugate addition reactions have also been employed in conjunction with alkylation 
of a trapped cyclopentane enoh&.- Thus in a syn thesis of Ildeoxyprostaglandins, Patterson and 
Fried’O 6rst constructed the prostaglandin u-chain by reaction of cyclopent-2-enone with the organo- 
copper reagent 122 and then trapped the enolate anion 121 of the product with trimethylsilyl chloride, to 
give silyl enol ether 123, which underwent alkylation with cis-7-bro~5-heptenoate to yield a mixture of 
1 Idcoxy-PGl$124 and 1 ldeoxy-8,12-epi-PC& 125 methyl esters. 
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Stork and Isobe*‘~ used an organometallic complex to insert carbons l-6 of the ~-chain by a 
conjugate addition to the cr-methylene cyclopentanone 128. The latter, which was synthesised by forming 
the enolate 126, trapping with formaldehyde to give the hydroxymethylene compound l27 and then 
elimination of water, underwent addition to the divinyl cuprate from the- vinyl iodide 136 to give the 
prostaglar& precursor I29 with the required stereochemistry at Ca C,, and Clz. 

(c) Solmlyis of cyclopmpyl cations 
In an approach to prostqlar&s originaM by Just and Simonovitch of McGill University and much 

developed by Upjohn chemists, the chiral centres at Cii, CIz, Cl5 together with the CrJ, CV rmn.r double 
bond were enerated by a method based upon the cleavage of an appropriate bicyclo[3.1.0]hexane.- 
It had been known from the earlier work of W~&erg and A&” that a simple bicyclo[3.1 .O]hexane tosylate 
131 will undergo solvolysis with potassium acetate and acetic acid to give a ring-opened compound l32. 

T 

QY 

- 
cH,tYls 

-v- 
H 

131 132 

The extension of this to the prostaglandin situation was based upon the principle that, in the 
solvolysis of the appropriate cyclopropylcarbinyl cation 133, the hydroxyl ion attack might be expected 
to occur at Cu because steric interaction would hinder approach to the alternative position Crx. Also, 
formation of the hrur double b&d might be expected as a consequence of the spatial disposition of 
subs&rents during the ringqening sequence. 

R OH 

Yp+!g_ \ 

R = (CH&CChH OH Hi I 

133 6H 

The cyclopropinyl cation was originahy gene&” from an epoxide, e.g. 134 which underwent 
acid-catalysed opening with formic acid or trilluoroacetic acid to give, on hydrolysis of the formate 
esters with sodium carbonate, the desired prostaghmdin (PC& methyl ester) and its Ca epimer. 
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However, the yields of PGF,* methyl ester here was very low (2-3%), the major products being 
the oic-glycols 136. This was possibly because the presence of an oxygen function adjacent to the 
developing cyclopropylcarbinyl cation acts to stabilise the charge on that carbon, reducing the degtee of 
delocalisation into the cyclopropane ring, and so decreasing the extent of nucleophilic attack on the ring, 
thus promoting glycol formation. In subsequent work the glycols, e.g. IXa, prepared by dihydroxylation 
of the 01&n, were converted to the bismethanesulphonates 136b and the latter solvolysed in acetono 
water to give the (~)prostaglandin methyl ester (yields 4-g%) together with the Cu isomer.M However the 
major products were the unreamu@ giycol 15monomesylates resulting from the hydrolysis of only the 
cyclopropylcarbinyl mesylate. 

138 

a: R=H 
b: R-SOnMe 

Interestingly, however, the glycol intermediates e.g. I37 having the cndo-con6guration at Ca gave 
higher yields of the prostaglandin (17-1996) by this methodSW 

In later worpS it was found that improved results could be obtained by proceeding through 
orthoester interm&iates and this also led to a method for effecting stereocontrol at C151 This 
development arose from the observationthat opening of the cyclopropyl carbinyl system in intermediate 
138 with formic acid followed by methanolysis gave the best results only when anhydrous formic acid 
was used, and that the yield of the ring-opened product I39 was substantially reduced by the presence of 
small concentration8 of water.‘O 

It was suggested that this observation was consistent with the formation of a monoformate 140 which 
cyclid to an orthoester in- 141. 
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This hypothesis was tested by syntbesising ortboester 142 and treating it with dry formic acid 
followed by methanolysis witb methanol and sodium carbonate when tbe ring opening was found to be 
complete in less than 5 min, whereas 0pmhgs Of the glycd 138 in formic acid required about 3 br. This 
method was also much cleaner, giving fewer side products and a bigber overall yield of the desired 
product 13) (- 70% compared to - 6096). 

Tbe possibility of effecting stereucontrol at CIS followed from t& conclusion tbat since tbe 
carbon-oxygen bond at CU is not cleaved in tbis reaction, tbc C,J stereochemistry of tbe precursor 
should be retained in the opened product. Tbe 15s ortboformate 144a was therefore prepared, from tbe 
resolved diol 143, and eubjected to tbe formic acid and metbanolysis treatment, when it was found tbat 
tbe CIJ stereochemistry bad in fact been retained to a large extent, the major product being the 15s 
compound 145. However some of tbe 15R stereoisomer was also found to be present in tbe product as a 
result of epimerisation, tbis being ascribed to tbe solvolysis of tbe allylic formate, since re-introduction 
of 145 to formic acid resulted in increasing loss of stereochemical integrity witb time. However, using 
the orthopropionate Mb. which would be expected to generate allylic esters less labile than formates to 
solvolysis. tbe desired complete retention of the 15s stereochemistry was achieved. 

144 145 
a: I%-Ii, &=Me 
b: R,=R-Et 

A cyclopropane cleavage, in tbe epoxido nitrile intermediate i47 bas been employed in a synthesis of 
tbe 15-ketone 148b corresponding to alcohol 145.= Tbe epoxido nitrile 147, which bad been prepared 
from the aldebyde 146 by reaction with a,adibromobeptane nitrile and bexametbylpbospborous 
triamide, underwent solvolysis in formic acid and then formate hydrolysis in dilute sulpburic acid to tbe 

14) a: X=OH. CN 
b: X=0 
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cyanobydrh 14th. Tbe yield here was bigb, (73.8% overall)t from a&by& 146 to the free ketone Mb 
obtained by hydrolysis (1N sodium bicarbonate iu ethyl acetate) of cyauobydriu 14&. 

Cleavage of a cyclopropane ring fused to a cyclopcntanc bas also featured in prost@audin syntheses 
by other groups. - Corey aud FUC~S~ showed that tbe cyclopropa~~ ring in bicyclobcxane inter- 
media&~ can be opened in satisfactory yields by Kanji addition of ~~~1~~ Thus 
the bicyclobexaue HO, which was prepared by tbcrmolysis with copper powder of the diazocster 149, 
underwent cleavage with diviuylcoppcrlitbium to give tbe lactone 1Sla which on dccarboxylation with 
lithium iodide in pyridine gave the la&one l!Jlb in 37% yield (not optimised), having tbe correct 
stereochemistry at C-8, C-9, C-l 1 and C-12. 

2 $sO!co 2m 

14s 150 

t I 

I cr, I 

Thpb 

151 a: R=Co?M8 
b: R-H 

Some idea of the generality of this addition process witb o~oc~pperlitbium reagents was obtained 
by showing tbat ethyl a~y~yclopro~~~xylate 152 with dimetbyl or ~~nyl~p~r~~i~ 
afforded tbe a-cyanocstcrs 15% and 153b in 75 and 70% yields rcspcctively, and that these wuts 
effected opcuiug of tbe cyclobcxyl analogue 154 of HO to give 155r and lS5b each iu 60% yield. 

a: R-Me 
b: R = CH==CHs 

m: R=Me 
b: R = CH=CH~ 

Chemists at Allen & Hanbury and the University of Salfo# effected a cleavage of tbc tricyclo- 
bcptanone system 156, wbicb bad been prepared by base-induced cyclisation of tbe bromobydrin 103, 
witb tbe mixed. orgauocuprate reagent I!!7 to give tl~& oo~~one 158 (88% yield) iu wbiib ihe 
stcreocbcmistxy at the ccntrcs C-8, C-9, C-1 1 aud C-12 bad been established. 

0 

h$BdSiO- - & 
‘4 

. L-c& 

7” 

GA YFs % ‘,, . 

H O?zlRl’h* 9 

lS6 157 
150 

Sagami chemists generated the chiral ccntre at CZS stercosck!ctively iu the lld~x~~s~~ 
series by an interesting ckavagc of tbe bicycI~3.1.0~~ HO.- This intermediate, &icb was 
prqucd stcrcos&ctively by tbcrmolysis of tbe dhzo-compound Us, uqdcnveut stcrcospccSc riug 
opcuing with potassium tbiopbcnoxide in t-butanol to give the 2,3disubstitutcd cyclopentanonc 161 in 
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89% yield, the latter then atfording lldeoxy-PGE, via a sulphoxide rearrangement similar to that 
described for intermediate 119. A similar type of cleavage has been reported by Taber.H 

In a synthesis of 1 ldeoxyprostaglandins, Melnikova, Grigorev and Pivnitsk~ effected ring opening 
of the cyclopropane ring in the epoxide intermediate 162 with lithium in liquid ammonia to give, after 
esteritIcation, a stereoisomeric mixture of ketones 164 which aflorded the ketoaldehyde 163 on oxidation 
with chromium trioxide in pyridine-methylene chloride. 

(d) Comtmtion and cleavage of intemally pmtectai cyclohexanes 
A synthesis developed at the Woodward Research Institute at Basel,‘w*‘O’ based on the construction 

and cleavage of internally protected cyclohexanes, incorporates a number of interesting reactions. The 
epoxide 165 was prepared, as the major product from the corresponding oletln, by the action of a reagent 
prepared from hydrogen peroxide, benxonitrile and potassium bicarbonate in methanol, preferential 
attack occurring at the concave side of the molecule. Because of the rigid conformation of the molecule, 
the epoxide ring of 166 underwent regiospeciBc cleavage on ammonolysis with aqueous ammonia to 
give the diaxial alcohol 166 in a yield of more than 9096. The latter was converted with methanolic 
hydrogen chloride to the dihydroxy-amino alcohol hydrochloride 167 which has a flexible skeleton and 
thus allows a conformational change to take place leading to a situation in which the amino group is 
equatorially positioned and appropriately set up as a leaving group. This allowed a ring contraction step 
to take place, accomplished by diaxotisation with sodium nitrite in sodium acetate-acetic acid, followed 
by ncutralixation with mild base, to give the cyclopentane aldehyde 168. The latter intermediate, well 
known from the work of Corey, contains the correct stereochemical features of the prostaglandin at C-g, 
C-9, C-11 and C-12. 

The olefin precursor of the epoxide I(5 was synthesised from the tricyclic lactone 169, prepared from 
ci~~yclohexane-1.3.5~trio], which was converted in three steps-borohydride reduction, mesylation and 
base treatment-to give the ole6n mesylate 17& the latter undergoing sololysis to give the tricyclic car% 
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inol171r, and thence mesylation and elimination. Interestingly the cyclisation 17Oa+ 17la gave only 5-896 
of the alternative product 17211, whereas it had been known previously that the corresponding carbocyclic 
compound 170b when hydrolysed in 8096 aqueous acetone gave 172b as the major product (95% yield). 
This difference in mode of action may be attributed to the inductive effect of the oxygen in the allylic 
position to the double bond in 170a by concentrating n electrons at the closer carbon of the double bond, 
thus incrcas~ its nucleophilicity. The same effect would also be expected to destabilise the otherwise 
stereochemically preferred 2-adamantyl carbonium ion and lead to the same result. 

a: x=0, R=Ml a: x=6 
b: X=CK.R-Ts. b: X=CHn 

a: x=0 
b: X=CH, 

(e) Cleavage of LXels-Alder addztcts 
Many prostaglandin syntheses have converged on lactols of type 168, or their derivatives. In the 

original approach to these intermediates, by Corey et eLaan they were constructed from the 
la&one 174 which had been obtained via Baeycr-Villiger oxidation of the Diels-Alder @duct 173 by 
reaction with potassium t&iodide to give the iodolactone 176 and then deiodination with tri-n-butyltin 
hydride. They have been prepared in the required optically active forms by resolution of the acid 175 
corresponding to lactone 174 or by synthesising a bicyclic intermediate of type 173 via asymmetric 
induction.‘O) 

several groups’“‘~ have constructed appropriately substituted bicycloalkenes, e.g. 178 (ICI) by 
Diels-Alder addition reactions and then taken these forward to intermediates of type 179 via cleavage of 
the double bond. These generally employed standard reactions but an important feature of this work was 
the finding that the cir-l,3-cyclopentandialdehydes 179a formed from the cleavage can be transformed, 
with complete retention of stereochemistry, by means of a Baeyer-Villiger reaction on the correspond- 
ing diacetyl compounds 179b, to form the C-9 and C-II oxygen functions of the pros@andin in 179c. 
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Workers at Pttx.# and the University of Manchest&” prepared intermediates of type 16S by an 
interesting stereo- and regiot~&~tive riq~ opening of the nortricyclmc 180 which had been prepared via 
a Prim reaction of norbomadiene and pamformaldehyde in formic acid. 

4c 
R 4? 

lfl a: R=Cl 
b: R = Br 

WC 
R &A 0 

l@z a: R=CI 
b: R=Br 

The tin8 openin was accomplished with aqueous hydrochloric acidla or with hydrogen bromide in 
acetic acid’@ to 8ive intermubates 1818 and 18lb respectively. After Baeyer-Villiger oxidation to 182b 
the y&tone 184 was established via the bromo-dicarboxylic acid 183 (hydrogen bromide in 
acetic acid) which yielded 184b with aqueous sodium hydroxide:An interest& feature of this work was 
that the overall conversion lNlb+ 184b could be carried out as a one-pot process by addin sulphuric 
acid to the Baeyer-Villiger reaction mixture and working up the product with alkali.‘” 

A similar conversion of lNlr, after replacement of the carboxylic acid and a tetrahydropyranloxy group, 
was accomplished using aqueous base with hyQosen peroxide buffer to 8ive 184~ 

A bicyclic intermediate 187 of type 189 has been prepared by a group at Tohoku University”o from 
the tricyclic compound 185, which is available from reaction of norbomadiene and &oral in the 
presence of aluminium chloride. Z&c and acetic acid treatment of 185 afforded the bicyclic ketene 
dihydrochloride 186 of which the tosylate with potassium acetate in acetic acid alforded the tricyclic 
acetate 187 as an epimeric mixture. 

185 188 187 laa 

Interestir@y these workers found that the intermediate 188, prepared from 187 via methods similar to 
those used in the preparation of 183 from 1116. could not be converted to the la&one of type 184 by 
hydroxide ion, but they aram& to achieve this transformation under solvolytic conditions usin 
mercuric acetate or silver perchlorate as a catalyst. 

Chemists at the Indian Institute of Technology, Kanpur, prepared la&one intermediates via a nitrous 
oxide extrusion from nitrobicycloheptenes.1”*‘12 This reaction took place on treatment of the sodium salt 
of nitro compound 189 with hydrochloric acid giviog a mixture of the la&one 191 and the cyclic 
hydroxamic acid 199 which could be transformed to 191 with nitrous acid. The intermediate 191 is a 
precursor of the A ~Iuostaghmdins. 

(0 Regiospecific addition of fonnabhyde to u cyclopentenone by a pins reaction 
Another way of introducin8 the C-l 1 and C-12 functionalities was devised by a Hunearian team”’ who 

found that a Rins reaction on lactonc 90, using excess paraformaldehyde monomeriscd in situ with 
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sulphuric acid in gIaciaI acetic acid, took pIace at 60-W alfording the intermediate 193 regio- 
and stereospeciIIcaIly, in 7545% yield. 

Tbe formation of 193 may be accounted for by preferential opening of the putative intermediate three- 
centre carbonium ion 192 at the stericahy less hindered position. 

193 

(g) &reocontndled cross coupling of a vinylic copper nagent with an allylic elextmphile 
Corey and Mann”’ prepared the la&one 196, an intermediate in a PGA2 synthesis, via a cross 

coupling of the vinylic copper reagent 109 (Rz = SiMq’Bu) to the unsaturated la&one 194, affording 
hydroxy acid 1%. This reaction was noteworthy for the high degree of stereochemical control enforced 
by the dimethyl-t-butylsiIy1 screening group in 194 and for the fact that the stereochemicai outcome is 
determined by the presence of an anionic leaving group, introduced with rigid stereochemical control 
which is prone to attack by an organometahic nucleophile at carbon (inversion), rather than at the group 
it&. The product 1% then gave Iactone 1% on heating in acetone-hydrochloric acid. 

&A$_ 
b b 

194 1W 
R = si(hle.2)‘su 

186 

(h) Cleavage of hydnitdenes 
In a synthesis by Merck chemists,“s*“6 the required stereochemistry at C-8, C-11 and C-12 in 

intermediate 291 was arrived at by construction and olefinic cleavage of a hydrindene system 299 and 
then isomerisation of the *generated acetyl group, esterifrcation and Baeyer-Wiger oxidation. Some 
interesting selective reactions arose in the synthesis of 2fM from the cyclohexane 292. When the latter 
was subjected to an iodolactonisation reaction in sodium carbonate solution with iodine-potassium 
iodide, only one (293) of the two theoreticaIIy possible products 203 and 294 was formed. This singtdarity 
in directional course of Iactone formation is attributed to the optimisation of conformational effects. The 
same specificity in the direction of cyclisation was also observed on treatment of intermediate 202 with 
N-bromosuccinimide in t-butyl alcohol which alforded exclusively the bromolactonic acid corresponding 
to m3. 

These stereoselective reactions paved the way to the synthesis of the cyclohexene 197 via dehalo- 
genation, lactone cleavage and dehydration. Intermediate 197 then underwent, for steric reasons, a 
undircctional Dieckmann closure to the hydrindone 196. AIkyIation of 1% to the /I-keto diester 199 also 
proceeded stereoselectively affording, via decarbomethoxylation (Lithium iodide in collidine), the ketone 
corresponding to 299 in an exolendo ratio of 6 : 1. 
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(i) Syntlicsis via carbopailadatidn 

Holton”’ developed an efficient and short proatagbdin synthesis in which the chiral centnx at C-8, 
C-9, C-l I and C-12 were constructed via carbopalladation of a cyclopcntem. It was found that treatmemt 
of cyclopcntcnylamine 205 with lithium tetracllloropauadate (LTP) and txxiium dkthyl malonatc in THF 
and then with di-isopropylcthylaminc a!Torded the isomerically pure maionate 206 in 92% yield. 

305 I bO,Ei 1 
L _I 

. 
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Treatment of 296 with LTP in a mixture of 4: 1 /?-chloroethanoMimethylsulphoxide containing 
di-isopropylethylamine gave rise to a palladium complex, presumably #Ls, which was treated with 
n-pentyl vinyl ketone in DMF-benxene to give the enone 299 as the predominant product (59% yield). 

MO 

The selection of @-chloroethanol in this reaction was determined in part by the need to have an 
alcohol with suflicient bulk so that interference with the adjacent malonyl moiety would direct addition 
to the intermediate complex 267 exclusively at position 4. 

Intermediate 299. which has the required stereochemistry at C$, Cu and C,Z. was taken forward to the 
lactone intermediate 211 via the quaternary iodide 210 and treatment with potassium hydroxide. 

(j) Cleavage of a bicyclo[3.2.O]heptane prepared by a mixed photoaddition of two unsatnmted ketones 
Ayerst chemistsu8 described an interesting synthesis of 13,14dihydro-I ldeoxyprostaglandins based 

upon the formation of a bicyclo[3.2.0]heptane 214a by a mixed photoaddition of two unsaturated 
ketones 212,213. 

cH21,co2M9 
I 
I 
I k I 

X 

Ii a: x = Cl 
b: X=H 

214 . 

The photo adduct 214a underwent fragmentation with zinc-acetic acid to give a mixture of the 
desired prostaglandin intermediate 215, together with some of the dehalogenated cyclobutanone 214h 
which could be transformed to 215 on further zinc-acetic acid treatment. As in a number of other 
syntheses, the tm geometry of the side chains in 215 arose for steric reasons 

(k) Cyclopentanc formation by novei intmmolecular cyclisations 
Some prostaglandin syntheses have been based upon a step in which an appropriately substituted 

cyclopentane intermediate is formed directly by cyclisation of an aliphatic intermediate. A noteworthy 
example of this approach was descrii by Corey, Fleet and Kato ‘I9 in which the intermediate 218 was 
formed from the epoxytrienamide 216 by a cyclisation of the pentadienyl cation -cyclopentyl cation 
type. This reaction was carried out in a 2-nitrop~qanc, I-nitropropane mixture by treatment with 
potassium biphtludate to atford the lactone 217 as a mixture of C-15 OH epimers. Although the yield of 217 
was low (15%) this reaction is of particular interest for the manner in which the acetyl amide side chain 
in the intermediate d~tic cation 217a acts as a potential neighbouring group which can deliver an oxygen 
sub&rent to C-9 and simultaneously control the & armngement of the substituents at C-g and C-9. 
ThVd.35.kzL-c 
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R = p - C.HeC.H. 

A related cyclisation was described by RousseCUcIaf chemists in which the pyrrolidine enamine of 
the /I-epoxy olefin 218 aflordcd the cyclopentanone 219 by the action of sodamide.‘” 

216 

L 
dtt 

119 

!Sankyo chemists’*’ achieved a cyclisation of the unsaturated aldehyde 229 to prostanoic acid methyl 
esters 221A with stank chloride in nitromethane at room temperature (42% yield). This reaction, which 
was also carried out on aldehydes 220 with several different substituents RI and R2, is understood to be 
the tirst example of direct cyclisation of an alkan-1-aM-ene system to a five membered ring ketone. 
Interestingly, these workers also showed that tris(triphenylphosphine)chlororhodium converts inter- 
mediates 220 to a mixture of 221A and the cyclopropane derivative 221B formed by decarbonylation. 
Several examples of these reactions are quoted with various values for R, and R2. 

R, = (CH&CC.Me. 
R, = (CH,),Me 

In earlier work Corey d af.‘.lp reported that the nitro ketal222 underwent cyclisation with stannic 
chloride in acetone to give the prostanoic acid derivative 223 essentially free of the 1 l/3-hydroxy epimer. 

(I) Stmosd~tiuc rcdvction of qhnsatumted ketones 
The generation of the o-chain allytic alcohol system in prostaghmdins by reduction of an a,@- 

unsaturated ketone (34; Section li) not unexpectedly afIords a mixture of both 15a and 156 epimers, 
since the hydride type reagents normally used can approach the point of attack from any direction. 
However, Corey et aL’= devised an ingenious procedure for achieving stereochemical control in which a 
linear directing group, e.g. p-phenylbenxoyl, was attached to the adjacent cyclopentane ring oxygen in 34. 
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the reduction being carried out with a bulky borohydride reagent e.g. thexyl borane (rt~limonene 224 
[prepared from thexyl borane, (+)-limonene and 1-butyl lithium] at -cu. 120”. 

At the low reaction temperature employed, the molecule is frozen in a conformation in which the 
p-pbenylbenzoyl group is lined up alongside the enone side chain with which it is able to assume Van der 
Waals contact; thus blocking the approach of the reagent from oat side of the molecule. Attack of the 
reagent therefore occurs from the opposite side and would be expected to give the desired 15s alcohol, 
provided the enone is in the s-cis configuration 225. The latter co~o~tion, in which four adjacent 
atoms of the CA unit of the ~-phenyl~~oyl group can be placed directly in contact with the enone 
unit, is in fact favoured over the alternative s-tmnr form 226 and the reaction is therefore set up for the 
desired stereocontrol. Using this procedure the ratio of 15s to 15R alcohols obtained from the reduction 
was 82: 18. 

A A 

s-C& enone con~gu~t~on s-ffan8 enone conflgumtion 
825 226 

R = COG&lr*GH‘~p 
NHGH.GH.-p 

attack from 
A QIWRI 155 

A givw 15R 

B Qkl815ft 
B gives 15s 

In a further development of the method the p-phenylbenzoyl group R was replaced by the 
p-pheaylphenylcarbamoyl grouping which gave better contact with the s-cis enone side chain. This is 
because the urethane unit of this grouping can adopt a conformation which avoids an undesirable steric 
interference which occurs between the benzylic CH2 group of the ester and the hydrogen attached to 
C-l I of the cyclopentane ring. Application of this refinement raised the ratio 15s: 15R to 92:8. 

(m) Nvcleophilic inversion of hydruxyl gaps ut asymmettic centws 
Methods for effecting the inversion of stereochemistry at hydroxylic centres are of obvious 

importance in prostaglandin chemistry as a means of preparing various stereoisomers from more readily 
available intermediates of the opposite configuration. Corey and TerashhmP found that inversion at 
C-l 1 could be effected by tre@ent of the tosylate 227 &th te~-~-~~l~rno~urn formate in acetone 
giving mainly the formate 228, together with a minor amount of the eli~ation product 229 (ratio 75 : 2$ 
97% total yield). Interestingly when t&a-n-butylammoaium oxalate was used in place of the formate, 
the unsaturated compound 229 was the sole product (82% yield) and in fact this reagent proved to be an 
excellent nucleophile for effecting elimination with substrates, such as 227 under very mild conditions. 
With tetra-n-butyl ammonium acetate the ratio of 228b to 229b was 1.2: 1. It is suggested that the 
preference for the elation over su~titution in the oxalate may be a result of a possible “bidentate” 
attack on hydrogen which should be especially favourabIe, since it leads to the oxalate mono acid ion 
2% which is stabilised by hydrogen boading. The stability of 230, which can be reflected in the transition 
state for elimination, provides no driving force for nucleophilic substitution at carbon. The greater 
tendency for substitution at carbon by formate ion relative to acetate ion, may be a result of the smaller 
size of the former or its smaller basicity (at hydrogen) or to both. Use of this method of inversion has 
been further developed by Floyd, Crosby and Weinshenker.‘=*‘3 
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222 8i R=HCO 
b: R=CH&O 

Inversion at C-15 was accomplished by Corey et al.ln with superoxide ion. Thus potassium 
superoxide (KOJ with a crown ether (l&crown 6) in a mixture of dimethylsulphoxide, dimethyl- 
formamide and ~e~oxye~ effected conversion of the Wnesylate of the lSR-passe 
intermediate 231a to the corresponding 1Sisomer Zllb (75% yield after hydrolysis of the 1 I-acetoxyl). 

, m& / \ 
5 ‘R2 

1: R,=OH.R?=H 
b: R,=H, R=OH 

221 

The usefulness of this new method in other areas was shown by effecting similar epimerisations of 
ras-dt-butylcyclohexanol to cis4t-butylcyclohexanol and of choksterol to Iepicholesterol. This 
method has also been used to invert the hydroxylic centres at C& and CII.‘a 

(n) Semsdective fotmarion of an epoxide using u contmk gtvup 
A stereoselective epoxidation of the lO,ll-double bond was required by Corey and Ensley in 

connection with a method for synthesis of PGAz from PG&.‘29 This was accomplished by attaching a 
controller group to the 15-hydroxy group which was so designed as to block the approach of the reagent 
to the @-face of C-l 1 in the cyclop&ane ring. Using tri-p-xylylsilyl as the controller group in intermediate 
232, the 10.1 l-a-oxide 233 was formed by the action of alkaline hydrogen peroxide at -4tP, with 94% 
stereoselectivity. 

i ‘H 

Li 1 \ 2 
0 

w 3 

222 

A molecular model of what appears to be the energetically favoured molecular conformation of 232 
showed a strong shielding of the p-face of the cyclopentenoid. unit by one of the benxenoid units in the 
controller group. 

(0) Constmction of the unstable enof ether system of pmstacych (FGI) under m&f conditions 
Much recent chemistry in the prostanoid area has been directed towards the synthesis of prostacyclin 

WI3 23Sa of \irhich the structure was announced in 1976. Success in this work depended upon the 
discovery of suitable methods for generation of the chemically unstable enol ether system in which the 
double bond exocyclic to a tetrahydrofuran ring has the required trclns stereochemistry. 

Several groups have succeeded iu constructing prostacyclin from prostaglandin FZO. In the first 
synthesis, by Corey, Keck and Sdkely, 33a’3’ PGI2, isolated as the methyl ester 235 (R = Me), was 
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obtained by elimination of hydrogen bromide, with potassium t-butoxide in t-butanol. from the 
bromoether 234a (X = Br) of which THP ether 234h was the major of the two products 234b and 2361 
from bromination with N-bromosuccinimide of the ll,lS-bis THP ether of PGF2, The frurzsu~planar 
course of & eleven from 2% which must clearly be followed here, must produce the Z-geometry 
of the S.&double bond in 236 and hence the latter was obtained by an unambiius and stereocontrolled 
route. The stereoisomeric bromoether 236a (X = Br) was recovered unchanged after similar base treatment. 

0: R-H 
b: R=Thp 

235 

8’: R=H 
b: R=Thp 236 

Chinoin chemists’n’u found that prolonged heating at 40-&P, with a base in an appropriate alcohol, 
of an isomeric mixture of halaethers 237 brought about dehydrohalogenation to prostacyclin of both 
isomers, thus rendering their separation unnecessary. 

,251 
X=Br.I . 

Whittaker*” found that the methyl esters of 234a and 236a (X = r) were smoothly converted at room 
temperature into prostacyclin methyl ester 23S (R= Me) by l,Miaz&icyclo5-none (DBN) in the 
absence of solvent at room temperature and that reaction of these intermediates with methanolic sodium 
methoxide at room temperature, followed by treatment with IN aqueous sodium hydroxide, atforded 
prostacyclin sodium salt (235, R = Na) in high yield. 

Workers at the University of Pennsylvania and the Cardexa FoundationUJ cyclised the iodoether 
intermediates (methyl esters) with sodium &oxide in ethanol and converted the nsuhing prostacyclin 
methyl ester to the sodium salt of prostacyclin by the addition of water. Upjohn Chemists’* effected the 
haloether cyclisation with potassium superoxide in ~e~yffo~e containing a crown ether at 
o-25”. 

Interestingly the isomer of prostacyclin 239, in which the S&double bond. is cis, was prepared by 
Corey, SzCkely and Shiner”’ by elimination with t-butoxide and t-butanol of the mesylate 238, which 
had been prepared from the bromoether mixture 234a and 236a (X - Br) via treatment with potassium 
superoxide and a crown ether in dimethyl sulphoxide at 60”. 



2740 hf. P. L. CATON 

Nicolaou and BamettelH reported the synthesis of a prostacyclin isomer 241 by a novel ring closure 
induced by phenyl selenenyl chloride. PGFz, methyl ester, on exposure to phenyl seleneayl chloride in 
methylene chloride at -78“. afforded the phenylselenoether 240 (mixture of diastereoisomers) as the 
major product, the regio- and stereoselectivity of the ring closure being expected on steric and proximity 
grounds. The prostacyclin 241 then followed from conversion of 240 to the selenoxide, syn elimination. 
away from the oxygen to af[ord a tmns double bond, and ester hydrolysis. 
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